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PREFACE 
Ultrasound has become a core diagnostic examination in multiple 
medical specialties, including obstetrics-gynecology. Before ultra-
sound became readily available as a routine examination, clini-
cians had to rely on their physical examination findings when 
diagnosing pelvic masses and pathology during pregnancy. Today, 
almost every clinician in obstetrics-gynecology is using ultra-
sound, and unceasing technological advances have continued to 
provide new applications for its clinical use. Despite these devel-
opments, one key aspect of ultrasound has not changed much 
since its introduction, and that is the highly operator-dependent 
nature of the ultrasound examination. In ultrasound, the quality 
of the examination in terms of diagnostic accuracy depends not 
only on the equipment, but also on the skills of the clinician per-
forming the ultrasound scan. Although this aspect has profound 
implications for patient safety, the role of training and assess-
ment of ultrasound skills has received very limited attention until 
now.  
 
My interest in health professions education started during my 
employment as a student teacher at Copenhagen Academy for 
Medical Education and Simulation (CAMES), Copenhagen Univer-
sity Hospital Rigshospitalet, where I did my first studies within the 
field of health professions education. These studies were later 
compiled in a PhD on the subject of undergraduate skills training. 
When I started my clinical training in obstetrics-gynecology at the 
Juliane Marie Centre, Copenhagen University Rigshospitalet, I 
became interested in ultrasound and in the development of ultra-
sound skills. Over the following years, I had the opportunity to 
dedicate time and receive financial support to conduct a series of 

studies on assessment and learning of ultrasound skills in obstet-
rics-gynecology in collaboration with leading ultrasound experts 
and medical educators. The aim of these studies, on which the 
present thesis is based, was to provide evidence of how to assess 
ultrasound skills and to explore methods to improve the basic 
training of novice clinicians.  
 
I would like to express my sincere gratitude to my two mentors, 
Ann Tabor and Charlotte Ringsted, who throughout the years 
have provided their competent advice and continuous support. 
Their combined expertise and guidance has shaped me as a re-
searcher and helped me to design and conduct studies of rele-
vance to clinicians as well as educators.  
I owe thanks to all of my co-authors, who helped me conduct the 
studies included in this thesis – without them, there would be no 
studies at all. In particular, Lone Nørgaard, Åse Klemmensen, Nina 
Freiesleben, Eva Dreisler, Tobias Todsen, Liv Dyre, and Mette 
Madsen have played a significant role in the data collection for 
several of the studies in this thesis, for which I am very grateful. A 
special thanks to my colleague Maria Birkvad Rasmussen, who 
always offers her support and advice on on-going or new projects. 
Finally, I would like to thank the Juliane Marie Center, Copenha-
gen Academy for Medical Education and Simulation, Rigshospita-
let, the University of Copenhagen, the Tryg Foundation, and the 
Laerdal Foundation for their financial support for the projects 
included in this thesis. 

1. BACKGROUND 
In 1958, Ian Donald and colleagues published their seminal article 
on clinical application of diagnostic ultrasound in The Lancet 
(Donald et al. 1958). The authors described how they used ultra-
sonography in obstetrics and gynecology to visualize abdominal 
masses and basic fetal anatomy. In subsequent years, ultrasound 
was used for detection of hydatidiform mole, assessment of 
cephalic growth, placenta previa, and early pregnancy complica-
tions. During the 1970s and 1980s, ultrasound enabled screening 
for fetal anomaly and assistance during invasive procedures; in 
addition, the introduction of color Doppler helped identify 
growth-restricted fetuses and pregnancies at risk for preeclamp-
sia. Technological advances continued during the 1990s and 
2000s to include the 3D/4D scan, automated follicle count, as-
sessment of fetal anemia, and ultrasound elastography (Campbell 
2013).  
The introduction of real-time ultrasound equipment allowed 
operators to move the probe freely around the abdomen, leading 
to a revolution not only in the speed of diagnosis, but also in 
curtailment of costs. Instead of being limited to only a few ex-
perts and researchers to use ultrasound in selected centers, ultra-
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sound machines have increasingly been adopted by practicing 
obstetrician-gynecologists, midwives, residents, and even medical 
students over the past 50 years (Greenbaum 2003). Today, ultra-
sound has become as essential to the evaluation of early preg-
nancy complications and pelvic masses as the clinical examina-
tion. Hence, the medical applications for diagnostic ultrasound 
have expanded rapidly, but often rely on the use of sophisticated 
equipment by non-expert ultrasound operators (Moore & Copel 
2011). This has caused concern because the quality of ultrasound 
examinations is thought to be highly operator-dependent and 
because ultrasound learning curves are considered quite long 
(Salvesen et al. 2010). For these reasons, the International Society 
for Ultrasound in Obstetrics and Gynecology (ISUOG) has recom-
mended that trainees spend at least 100 hours of supervision and 
complete a minimum of 100 ultrasound examinations before 
independent practice is commenced (ISUOG 2014). The European 
Federation of Societies for Ultrasound in Medicine and Biology 
(EFSUMB) recommended even stricter criteria by suggesting that 
trainees should have completed at least 300 scans before per-
forming independent ultrasound examinations (EFSUMB 2006). 
These recommendations reflect the notion that experience con-
tributes to diagnostic accuracy, which find some support in the 
literature. For example, a study on antenatal detection of congen-
ital heart disease (CHD) showed that sonographers with extensive 
experience (more than 2,000 ultrasound examinations) were 
more accurate in their diagnoses than their less experienced 
colleagues, which suggested long learning curves for complex 
ultrasound examinations (Tegnander & Eik-Nes 2006). However, 
simple tasks such as assessment of the presence of an intrauter-
ine pregnancy may require very few supervised examinations 
before the operator attains a sufficient level of diagnostic accura-
cy (Jang et al. 2010). These large differences and the substantial 
individual variation in performance reported in existing studies on 
ultrasound learning curves suggest that the number of completed 
or supervised examinations is a poor predictor of ultrasound 
competence. However, no international consensus exists on how 
to assess trainees’ ultrasound skills or on the level of competence 
that should be attained before trainees engage in independent 
clinical practice. 
Experience may not be the only predictor of ultrasound skills 
(Hertzberg et al. 2000), and skill level may not be the only predic-
tor for quality of care (Cook & West 2013). Multiple factors prob-
ably account for diagnostic failures during antenatal ultrasound 
screening. According to a review of 10 years of maternity claims 
in the National Health Service (NHS), human errors as well as lack 
of training and supervision were identified as areas needing fur-
ther attention (NHS 2012). For intimate examinations such as 
transvaginal ultrasound, lack of training and supervision may also 
lead to increased discomfort, prolonged examination time, and 
repeated ultrasound examinations to address diagnostic uncer-
tainty. Insufficient training is also considered to increase the risk 
for unnecessary tests and interventions and thereby poses a 
threat to patient safety (Moore & Copel 2011). However, to im-
prove ultrasound training, a deeper understanding is needed of 
how complex diagnostic skills are developed, the challenges 
physicians face during training, and the most effective methods 
for training.  
This thesis focuses on ultrasound skills development, assessment, 
and training in obstetrics and gynecology. The theoretical aspects 
of complex diagnostic skills development, training, and assess-
ment are discussed below, and integrated with results from eight 
of our own studies.  

2. DEVELOPING ULTRASOUND SKILLS  
Ultrasonography may be considered a complex diagnostic skill 
and is likely to depend on a combination of motor skills and visu-
al-cognitive skills. Motor skills such as hand-eye coordination are 
needed to operate the ultrasound equipment, which involves 
matching hand movements to the visual feedback provided on 
the ultrasound monitor. Visual-cognitive skills are also needed 
during image search and interpretation, while medical decision-
making skills are needed to integrate the scan results into patient 
care. 

2.1 MOTOR SKILLS DEVELOPMENT 
The development of motor skills described in the model proposed 
by Fitts and Posner (1967) includes three steps: 1) the cognitive 
phase; 2) the associative phase; and 3) the autonomous stage. 
During the cognitive phase, considerable cognitive effort is re-
quired in the conscious planning of each movement. Movements 
are prone to slowness, inconsistency, and error. With practice, 
the learner gradually moves into the associative stage, character-
ized by smoother and more reliable movement patterns that 
require less cognitive effort. After extensive practice, movements 
become increasingly consistent, efficient, and accurate with little 
or no cognitive effort required (Fitts & Posner 1967; Wulf 2007).  
Research from the field of cognitive psychology on information 
encoding and retrieval provides an explanatory framework that 
aids in understanding skills development. According to infor-
mation-processing theory, stimuli are identified through the 
sense organs and processed in the working memory (Grierson 
2014). The working memory is only able to hold limited amounts 
of information – approximately seven elements at one time (Mil-
ler 1956) – and is thought to be controlled by a central executive 
function (Baddeley & Hitch 1974). This central executive function 
controls three types of cognitive processes, including: 1) a phono-
logical loop, related to auditory information; 2) the visuospatial 
sketchpad, related to visual or spatial information; and lastly 3) 
the episodic memory system that binds together visual, spatial, 
and phonological information (Baddeley 2000). When information 
is processed in the working memory, it is encoded into long-term 
memory in the form of schemas (Sweller et al. 2011). Schemas are 
cognitive structures that tie related pieces of information togeth-
er into coherent units that can be accessed during subsequent 
retrieval (Bruning et al. 2010). Learners as opposed to experts 
have limited cognitive processing capacities (Miller 1956), and 
working memory is therefore considered a bottleneck for infor-
mation processing according to cognitive load theory (Sweller 
1988). Cognitive load is divided into three parts: loads caused by 
the information to be learned (known as the intrinsic load), the 
germane load, comprised of processes that are beneficial to the 
act of learning, or extraneous load, defined as ineffective pro-
cesses and instructional formats (Sweller 1988, 2011; Kirschner 
2009). During complex skills learning, there is a risk of cognitive 
overload due to the combination of high intrinsic load with inef-
fective learning formats. Cognitive overload is thought to impair 
learning, which may be the case for novice learners who are 
practicing a new and complex skill such as ultrasonography. With 
training, the cognitive load associated with the primary task may 
decrease as a consequence of schema automation, when larger 
chunks of information are gathered into schemas and executed 
with less effort by the working memory. After extensive amounts 
of practice, the learner may free up additional cognitive resources 
to manage other related tasks through increasing levels of 
movement automaticity (Magill 2010). It is therefore reasonable 



 DANISH MEDICAL JOURNAL   3 

to hypothesize that during the early phases of learning ultraso-
nography, hand-eye coordination requires substantial cognitive 
resources in addition to the attentional demands required from 
image processing and clinical decision-making. However, with 
extensive training, hand-eye coordination may be automated and 
the cognitive load required for technical aspects of the task is 
likely reduced.  

2.2 VISUAL-COGNITIVE SKILLS  
Meaningful use of medical imaging may require that users be able 
to detect distinct features by searching the image, as well as to 
decide whether a certain feature represents normal anatomy or 
an abnormal finding. In addition, physicians need to translate 
two-dimensional images as they appear on the monitor into a 
three-dimensional representation of the structure or organ of 
interest. Hence, both visual and cognitive components are re-
sponsible for search and interpretation of images (Lesgold et al. 
1988; Nodine et al. 1996; Crowley et al. 2003). Visual search is 
considered to rely on a two-step process, an initial global impres-
sion followed by a focal search (Krupinski 2011; Crowley et al. 
2003; Kundel & Nodine 1975). During this search, key features 
including the color, shape, and symmetry of relevant structures 
are identified. Perceptions of these features are continually com-
pared and evaluated against the operator’s past experiences 
(Kundel & Nodine 1983; Krupinski 2011). Compared to novices, 
experts tend to search more efficiently, require less information-
gathering, and focus less on non-relevant areas (Kundel et al. 
1978, 1989; Nodine et al. 1999). Novices, on the other hand, 
generally exhibit longer viewing times (Nodine et al. 1996), and 
generate fewer explicit hypotheses than do experts (Crowley et 
al. 2003).  
The change in search patterns that accompany increasing 
amounts of experience may develop secondary to the acquisition 
of knowledge and the developments in the cognitive aspects of 
expertise (Kundel & La Folette 1972). With increasing levels of 
expertise, physicians are thought to organize past experiences in 
knowledge-based cognitive schemas representing a number of 
differential diagnoses (Krupinski 2011; Schmidt et al. 1990). These 
elaborate memory structures allow experienced physicians to 
aggregate key features and presentations of a particular medical 
condition or disease into larger chunks of information (Schmidt et 
al. 1990). The development of these elaborate chunks of infor-
mation allows experienced clinicians to rely on fewer pieces of 
information for some diagnoses (Norman et al. 1992).  
The use of chunking allows physicians to use pattern recognition 
in visual diagnosis, which is considered effortless and fast com-
pared to the slow and laborious hypothetico-deductive process 
known as analytical reasoning (Schmidt et al. 1990). These two 
types of reasoning relate well to dual-process theory, which de-
scribes two systems of diagnostic processing: System 1 is charac-
terized by unconscious, intuitive, and rapid processing, whereas 
system 2 is characterized by slow, effortful and analytical pro-
cessing (Kahneman 2011). Some researchers have argued that 
slowing down using the deliberate analytical reasoning character-
ized by system 2 processing may reduce cognitive bias during 
clinical decision-making (Kahneman 2011; Croskerry 2013). How-
ever, cognitive forcing strategies to promote system 2 reasoning 
have often failed to improve diagnostic accuracy, and evidence to 
support the notion that system 2 should be adopted over system 
1 processing is conflicting at best (Monteiro & Norman 2013). 
Moreover, there is evidence to suggest that experts should make 
use of both types of reasoning processes, since visual expertise 

development alone is not contingent on the increased use of 
system 2 reasoning (Norman et al. 1992). This hypothesis is in 
part supported by the lack of effectiveness of cognitive and visual 
hinting strategies on the diagnostic accuracy of novices learning 
to read radiographic images (Boutis et al. 2013). Hence, in ultra-
sound training, efforts may be best invested in developing a 
sound theoretical knowledge base for the cognitive aspects of 
performance, as well as to ensure automation of hand-eye coor-
dination to reduce the cognitive load associated with the tech-
nical aspects of performance for novice learners. 

2.3 FROM THEORY TO PRACTICE – WHAT CHALLENGES DO 
LEARNERS FACE DURING THEIR ULTRASOUND TRAINING? 
From the motor-skills learning literature and medical imaging 
research, we may hypothesize that both motor skills and visual-
cognitive skills are needed during learning and performance of 
ultrasonography. However, the practical challenges to learning 
ultrasonography in obstetrics-gynecology are less well-described 
(Blumenfeld et al. 2013). Other factors such as knowledge about 
relevant differential diagnoses, ultrasound equipment, and com-
munication with staff and patients – as well as the ability to re-
ceive and ask for supervision from more experienced operators – 
may affect performance and learning (EFSUMB 2006, AIUM 2015, 
ISUOG 2014). Current ultrasound training methods often include 
apprenticeship teaching, in which learners observe senior clini-
cians and receive supervision during clinical training, as well as 
self-directed unsupported learning. Workplace-based learning has 
been described as situated learning and follows the concept of 
legitimate peripheral participation (Lave & Wenger 1991): Learn-
ers first observe experts, and through professional and social 
interaction, they gradually enter the “community of practice” as 
they become increasingly proficient and independent (Wenger 
1998). Interaction with a senior colleague is therefore central to 
workplace-based learning; however, previous research has shown 
that requesting frequent supervision may be perceived by learn-
ers as threatening to their credibility and is therefore avoided 
(Kennedy et al. 2009). Moreover, the opportunistic nature of 
workplace-based learning and the degree of self-direction that is 
associated with this type of learning has led some researchers to 
question its effectiveness for basic clinical skills training 
(Tolsgaard et al. 2013 A). 
Hence, a number of questions regarding ultrasound learning and 
performance remain unanswered, including determinants of 
independent practice, availability of supervision, and the role of 
clinical experience and training in specialized ultrasound units. 
Given that diagnostic performance is considered content-specific 
and context-dependent (Elstein 1978; Schmidt et al. 1990), evi-
dence regarding learning and performance of ultrasonography 
should be compiled across multiple institutions and for several 
types of ultrasound examinations. In our first study, we therefore 
aimed at exploring learners’ challenges during ultrasound per-
formance in the Scandinavian countries to inform future training 
programs in obstetric-gynecological ultrasound. 

2.4 FACTORS ASSOCIATED WITH TRAINEES’ CONFIDENCE IN PER-
FORMING ULTRASOUND EXAMINATIONS. 
The research questions for Study 1 (Tolsgaard et al. 2014 A) were 
as follows: (a) “How do clinical experience and the amount of 
time spent in specialized ultrasound units predict trainees’ levels 
of confidence in performing ultrasound scans independently?” (b) 
“Which factors explain trainees’ levels of confidence in perform-
ing ultrasound scans?” (c) “How does confidence in managing 
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selected procedures independently relate to trainee expectations 
regarding their daily clinical work?” and (d) “How satisfied are 
trainees with their clinical training?” 
We surveyed 973 trainees in obstetrics-gynecology in Denmark, 
Sweden, and Norway. A total of 621 eligible trainees completed 
the questionnaire (response rate, 70.1%). We found that clinical 
experience and the number of days spent in a specialized ultra-
sound unit were predictors for trainees’ confidence in performing 
transvaginal and transabdominal ultrasound examinations inde-
pendently (P < 0.001). It took trainees on average more than 24 
months of clinical experience to manage ultrasound examinations 
independently, while only 12 to 24 days in a specialized ultra-
sound unit were needed to reach the same level. This corre-
sponded well with the reported need for supervised practice, 
which seldom occurred after 24 months of clinical experience.  
Contrary to our initial hypothesis, trainees did not regard request-
ing supervision as a threat to their professional credibility. None-
theless, they reported significant gaps between the types of 
ultrasound examinations that they felt confident in performing 
independently and the degree to which they were expected to 
manage these examinations independently (P < 0.001). An ex-
ploratory factor analysis was carried out to identify which com-
ponents affected trainees’ confidence in performing ultrasound 
examinations independently. We identified three factors, includ-
ing technical aspects of the ultrasound examination, image inter-
pretation, and integration of scan results into patient care.  
To date, our study is the only international survey of challenges to 
ultrasound learning and performance among trainees in obstet-
rics and gynecology. The large number of respondents and the 
fact that we sampled data across multiple institutions in the 
Scandinavian countries support the generalizability of the study 
results. Although the use of trainees’ confidence is not a valid 
marker of competence on an individual level, it may be used on a 
group level to assess the quality of training programs (D’Eon & 
Trinder 2014). Moreover, our intent was not to assess the compe-
tence of the trainees, but rather to identify which factors facili-
tated their progress and which factors served as potential obsta-
cles during their learning and performance.  
Some important conclusions arose from this study. First, ultra-
sound training is a time- and resource-intensive process that 
requires years of clinical training before supervision is no longer 
needed. Second, the gaps between expected levels of perfor-
mance and perceived ability suggest that clinical apprenticeship 
training may be insufficient, when not combined with dedicated 
time for basic training. However, trainees’ perceptions of adequa-
cy of ultrasound training programs in obstetrics and gynecology 
have been evaluated in previous and subsequent surveys. The 
results have varied with respect to trainees’ perceptions of the 
adequacy of training programs, which may suggest a high degree 
of context-specificity of such evaluations (Lee et al. 2004; Green 
et al. 2015). In addition, results of the factor analysis support the 
hypothesis that ultrasound skills are a mix of motor skills (tech-
nical aspects of performance), visual skills (image interpretation), 
and cognitive skills (integration of scan results into patient care). 
Finally, the relatively low confidence scores on technical aspects 
of performance indicate that an increased focus on equipment 
knowledge and motor skills learning may be beneficial during 
basic training. These findings were supported by a recent study 
demonstrating that cognitive load imposed by “knobology” nega-
tively affected novice learners’ perceived utility of ultrasound for 
learning physical examination skills (Jamniczky et al. 2015). The 
load caused by image interpretation, on the other hand, was 
reported to enhance the perceived utility of ultrasound for learn-

ing physical examination skills. Insufficient technical skills may 
therefore be at odds with the acquisition of image interpretation 
skills, and may perhaps constitute a bottleneck for information 
processing when performing ultrasound examinations. 

3. MASTERY LEARNING AND ASSESSMENT OF ULTRASOUND 
SKILLS  
The scientific ultrasound communities have proposed a set of 
minimum standards for the amount of supervision and number of 
scans completed before trainees are allowed to commence inde-
pendent practice (EFSUMB 2006, AIUM 2015, ISUOG 2014). These 
recommendations do not take into consideration the different 
rates at which trainees may learn new skills. Consequently, some 
trainees may be fit for independent practice before completion of 
the required number of scans, whereas others may need addi-
tional training. To ensure that all trainees are at the same level 
before independent practice, the concept of mastery learning has 
gained popularity in health professions education during the past 
decade (McGaghie et al. 2010; Barsuk et al. 2009).  
Mastery learning may be defined as the acquisition of essential 
knowledge and skills until a predefined performance standard is 
reached, regardless of the time needed to attain this level (Wayne 
et al. 2006). This concept of mastery learning is appealing for a 
number of reasons. First, training until attainment of a fixed 
performance standard ensures that all trainees are at the same 
level at the completion of training. Therefore, the only variable 
that differs between trainees is the time to achieve mastery 
learning levels (McGaghie et al. 2011 A; 2011 B). Second, mastery 
learning resonates well with the concept of social accountability, 
as trainees are first allowed to practice independently with pa-
tients only after being assessed against rigorous standards. Final-
ly, mastery learning aligns well with the concept of entrustable 
professional activities (Ten Cate 2013), which describes the en-
trustment of different clinical tasks to trainees based on compe-
tency levels and need for supervised practice. To adopt mastery 
learning in ultrasound training, credible performance standards 
and reliable assessment instruments with sufficient validity evi-
dence must be defined and developed. Such instruments may be 
used to determine which trainees should be allowed to practice 
ultrasound without direct supervision. In the following sections, 
the concepts of reliability and validity are discussed from a psy-
chometric perspective.  

3.1 VALIDITY AND RELIABILITY OF PERFORMANCE ASSESSMENT 
Validity is a key concept in assessment research in medical educa-
tion. Validity has been defined as the evidence supporting the 
interpretation of test scores (Downing 2003; American Educa-
tional Research Association 2014). In other words, validity refers 
to the degree to which test scores actually measure what the test 
has been designed to measure. Without any evidence of validity, 
the interpretation of test scores is meaningless, and the conse-
quences of testing cannot be justified. Hence, the concept of 
validity relates to the interpretation of scores and not to an as-
sessment instrument.  
Different conceptual frameworks for validity have been proposed, 
of which the most recent include the work of Messick and Kane. 
According to Messick (Messick 1989), validity is considered a 
unitary concept that includes content, criteria, and consequences. 
In Kane’s (Kane 2006) view, validity evidence is collected through 
different phases to build the validity argument. In the 2014 ver-
sion of the Standards for Educational and Psychological Testing 
published by the American Educational Research Association, 
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both views are supported, and validity evidence is divided into 
five sources. The first of these sources is content evidence, which 
was previously known as content validity. Content evidence is the 
documentation of the representativeness of the test contents to 
the achievement domains. Content evidence may be collected 
through expert review, blueprinting, or stakeholder opinions. 
Response process, the second category, involves the way in which 
a test is used and administered (Downing 2003). In evaluating 
response process, instructions provided during test administra-
tion and the materials available to test-takers are documented 
and quality control of final scores is performed. The third source 
of validity evidence is internal structure, which includes the psy-
chometric properties of the test, such as internal consistency, 
item discrimination, inter-rater reliability, and factor analysis. The 
term reliability refers to the reproducibility of the test, which in 
classical test theory is a measure of the amount of error to true 
score among the observed scores on the test instrument (Streiner 
& Norman 2008). The fourth validity source is called relationship 
to other variables, previously known as construct validity (Messick 
1989). The underlying ability represented by differences in test 
scores is in this step associated with clinical performance markers 
such as diagnostic accuracy – or, in the absence of such markers, 
clinical experience levels. Finally, the test consequences are ex-
plored by determining credible pass/fail levels of performance 
and the implications of these standards (Downing & Yudkowsky 
2009).  

3.2 IMPROVING VALIDITY AND RELIABILITY OF TEST SCORES 
The validity and reliability of performance assessments may be 
influenced by a number of factors that can be taken into account 
when designing a new assessment instrument. Experts tend to 
use shortcuts in both clinical reasoning and performance, where-
as novices tend to display rule-bound and checklist- oriented 
behaviors (Schmidt et al. 1990; Norman et al. 1994). These differ-
ences in reasoning and performance may lead to paradoxes dur-
ing assessment. For example, procedure-specific checklists often 
fail to discriminate between increasing levels of clinical expertise, 
and novices are sometimes assigned even higher checklist scores 
than experts (Hodges et al. 1999). One way to improve the validi-
ty of test scores is to use generic rating scales instead of check-
lists; this practice has been shown to provide better discrimina-
tion between different levels of expertise (Hodges et al. 1999; 
Hodges 2013). The use of excessively detailed and elaborate 
assessment instruments is thought to interrupt the automatic 
top-down processing (in other words, moving from general to 
specific features) of expert raters, resulting in inaccurate test 
scores and lower reliability (Govaerts et al. 2011). Accordingly, 
there is some evidence to suggest that expert raters often agree 
on the overall performance of trainees, but disagree over the 
interpretation of the scoring format (Ginsburg 2011). In one 
study, the reliability of test scores was improved by relating the 
performances of trainees to increasing levels of clinical sophistica-
tion and independence (Crossley et al. 2011). This “construct-
alignment” of rating scales relates closely to the concept of en-
trustable professional activities (EPAs), in which trainee progress 
is evaluated based on the degree of clinical independence (Ten 
Cate 2013). However, this view assumes that levels of independ-
ence and experience reflect the development of competence, a 
contention that is not always supported by clinical data. For ex-
ample, studies on thyroid and cardiac surgery have demonstrated 
surgeons’ clinical experience in years correlated positively with 

the frequency of adverse complications (Duclos et al. 2012; Hick-
ey et al. 2014). 
Based on this evidence, multiple sources of validity evidence 
should be gathered to justify the use of a new assessment in-
strument for the evaluation of ultrasound skills. The resulting 
assessment instrument should be designed as a generic scale that 
provides scores based on the target behavior or on increasing 
levels of clinical independence.  

3.3 GATHERING VALIDITY EVIDENCE FOR THE ASSESSMENT OF 
ULTRASOUND SKILLS IN OBSTETRICS AND GYNECOLOGY.  
In studies 2 and 3, we aimed to develop a new generic instrument 
for the assessment of ultrasound skills (Study 2, Tolsgaard et al. 
2013 C) and to collect validity evidence to support its use in ob-
stetrics and gynecology (Study 3, Tolsgaard et al. 2014 B). Finally, 
we sought to establish credible pass/fail levels of performance for 
basic transvaginal and transabdominal ultrasound scans. 
The objective of Study 2 was to establish international multi-
specialty consensus on the content of a generic instrument for 
the assessment of ultrasound skills. We performed a Delphi study 
among 60 ultrasound experts from obstetrics and gynecology, 
radiology, urology, surgery, emergency medicine, rheumatology, 
and gastroenterology practicing in North America, Australia, and 
Europe. A list of seven items was drafted for the first Delphi 
round, based on a synthesis of practice recommendations from 
the international ultrasound societies as well as from existing 
imaging and assessment literature. The experts were asked to 
rate the importance of each of the seven items on five-point 
Likert scales and were also encouraged to suggest additional 
items. In the second Delphi round, the experts were informed 
regarding the distribution of scores and comments made by the 
expert panel during the first Delphi round. Each expert was asked 
to reconsider his or her ratings based on the comments from the 
rest of the expert panel. Two new items resulted from the first 
Delphi round and these items were also rated during the second 
Delphi round. Items that were rated important by more than 80% 
of participants were included in the third and final Delphi round. 
Descriptive anchors were added to five-point Likert scales for 
each of the remaining seven items. The expert panel was finally 
asked to provide any final comments on the outline of the as-
sessment instrument. Of the 60 experts invited, 44 agreed to 
participate in the first round; out of this sample, 41 responded in 
the second round, and 37 completed the third round of the Del-
phi study. The final assessment instrument – the Objective Struc-
tured Assessment of Ultrasound Skills (OSAUS) – included seven 
elements; the first and last of these (indication for the examina-
tion and medical decision- making) were marked “if applicable,” 
depending on the context of use (see Table 1). There were no 
statistically significant differences between countries in the rat-
ings. Differences between raters were only observed for one item 
in the second Delphi round (documentation of examination), but 
this difference had no implication for the inclusion or exclusion of 
the item.  
Our study was the first study to generate international, multi-
specialty consensus on the contents of a generic assessment 
instrument for the evaluation of ultrasound skills. The study 
served to establish content evidence for the use of OSAUS as an 
assessment instrument. The choice of including experts from 
multiple specialties ensured that the content of the OSAUS scale 
was context-independent and that more general aspects of com-
petence were evaluated rather than just procedure-specific skills. 
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We therefore hypothesized that the instrument could be used for 
assessment of both gynecological and obstetric ultrasound skills.  
 
In Study 3, we aimed to: 1) gather validity evidence for the clinical 
use of the OSAUS scale in obstetrics and gynecology; 2) determine 
the reliability of OSAUS ratings; and finally 3) establish credible 
pass/fail standards of performance.  
To gather data on validity evidence and reliability of the OSAUS 
ratings in a clinical context, we collected data on ultrasound scans 
performed by three groups of gynecologists with different levels 
of clinical experience (N=30).  
 
Table 1. The Objective Structured Assessment of Ultrasound 
Skills (OSAUS) scale 

 We included a group of novices with less than one month of 
clinical experience, a group of intermediates who had between 12 
and 60 months of clinical experience, and a senior group consist-
ing of consultant obstetrician-gynecologists.  
Participants were instructed to perform either a systematic trans-
vaginal ultrasound scan or a transabdominal fetal biometry scan. 
The senior participants who performed the transvaginal scans 
were fertility medicine consultants, whereas fetal medicine con-
sultants performed the transabdominal fetal biometry scans. 
Hand movements were video recorded and paired with the ultra-
sound output. Finally, two consultant obstetrician-gynecologists 
with research backgrounds in ultrasound rated the performances 
using the OSAUS scale.                          
 

Tolsgaard et al. 2012 

Objective Structured Assessment of Ultrasound Skills (OSAUS)  

Each trainee is rated from 1-5 in all of the elements listed below. 

 

 

Patient problem:_______________________________________                           Date:____________________________________________________ 

 

Evaluator:____________________________________________                          Trainee:__________________________________________________

  

 
 

 
 
 

 
Total score:__________________________ 

1.  Indication for the examination 

 

If applicable. Reviewing patient history and 
knowing why the examination is indicated. 

1 

Displays poor knowledge 
of the indication for the 

examination  

2 3 

Displays some 
knowledge of the 
indication for the 

examination  

4 5 

Displays ample 
knowledge of the 
indication for the 

examination 

2. Applied knowledge of ultrasound 
equipment 

 

Familiarity with the equipment and its 
functions, i.e. selecting probe, using buttons 
and application of gel. 

1 

Unable to operate 
equipment 

2 3 

Operates the equipment 
with some experience 

4 5 

Familiar with operating 
the equipment  

3. Image optimization 

 

Consistently ensuring optimal image quality 
by adjusting gain, depth, focus, frequency etc. 

1 

Fails to optimize images  

 

2 3 

Competent image 
optimization but not 

done consistently 

4 5 

Consistent optimization 
of images 

4. Systematic examination 

 

Consistently displaying systematic approach 
to the examination and presentation of 
relevant structures according to guidelines. 

1 

Unsystematic approach 

2 

 

3  

Displays some systematic 
approach  

4 5 

Consistently displays 
systematic approach  

5. Interpretation of images 

 

Recognition of image pattern and 
interpretation of findings. 

1 

Unable to interpret any 
findings 

2 3 

Does not consistently 
interpret findings 

correctly 

4 5 

Consistently interprets 
findings correctly 

 

6. Documentation of examination 

 

Image recording and focused verbal/written 
documentation. 

1 

Does not document any 
images  

2 3 

Documents most relevant 
images 

4 5 

Consistently documents 
relevant images 

7. Medical decision making 

 

If applicable. Ability to integrate scan results 
into the care of the patient and medical 
decision making. 

1 

Unable to integrate 
findings into medical 

decision making  

 

2 3 

Able to integrate findings 
into a clinical context  

4 5 

Excellent integration of 
findings into medical 

decision making 
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The results of Study 3 provide validity evidence for 
OSAUS test scores in terms of response process, internal 
structure, relationship to other variables, and test conse-
quences. The response process was examined through 
the rater training and calibration that was performed 
prior to the actual assessments. This calibration was 
performed to ensure that the raters agreed on the inter-
pretation of test scores as well as on the expected levels 
of performance. We found that four videos were suffi-
cient to reach consensus on ratings through discussion. 
The internal structure of the OSAUS item scores were 
supported by the high internal consistency and inter-
rater reliability coefficients demonstrated, through 
Cronbach’s alpha of 0.96 and Intraclass Correlation Coef-
ficient of 0.89, respectively. We used clinical experience 
levels and use of time as proxy measures for relationship 
to other variables. There were significant differences 
between scores in the three groups for both the trans-
vaginal (P = 0.003) and transabdominal scans (P = 0.003). 
Post hoc comparisons showed significant differences 
across all three experience levels. There were significant 
differences between fetal medicine consultants and 
fertility medicine consultants on their image optimization 
scores (P = 0.014), but no differences for the remaining 
items. Time to complete the ultrasound examination was 
not associated with OSAUS scores (P > 0.05). Conse-
quences of testing were determined using the con-
trasting groups method, which resulted in a pass/fail 
level of 50% and 60% of maximum total OSAUS score for 
the basic transvaginal and transabdominal scans, respec-
tively. There were no false positives in terms of failing 
consultants; however, 40% of participants in the inter-
mediate group failed the transabdominal scans when using 
these criteria.  
 
Studies 2 and 3 were the first studies to establish multi-
source validity evidence for the assessment of ultrasound 
skills in obstetrics and gynecology. According to the Stand-
ards for Educational and Psychological Testing, performance 
assessment using OSAUS scores is supported by all five 
sources of validity. This evidence has received further sup-
port by a subsequent validation study involving the use of 
OSAUS scores for assessment of transabdominal point-of-
care ultrasound competence (Todsen et al. 2015). Partici-
pants in the intermediate group of our study received poor 
scores for their image optimization skills, which may war-
rant a heightened focus on technical aspects of perfor-
mance during basic training. These findings are in accord-
ance with Study 1 (Tolsgaard et al. 2014 A), in which 
trainees scored image optimization as the most difficult part 
of the examination. Interestingly, we found that fertility 
medicine consultants received relatively low scores on their 
image optimization skills compared to fetal medicine con-
sultants. This may in part be attributed to the type of scans 
performed (transvaginal versus transabdominal), but may 
also reflect differences in the use of ultrasound for point-of-
care examination versus for diagnostic purposes. Although 
the fertility medicine consultants were all senior clinicians, 
these findings may also suggest that insufficient basic skills 
are not automatically corrected with increasing levels of clinical 
experience.  
 

Figure 1. Distribution of OSAUS scores for transabdominal ultra-
sound (A) and for transvaginal ultrasound (B). 
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We did not find that the length of time per examination was 
associated with OSAUS scores or with experience. While a true 
non-association between diagnostic performance and use of time 
may exist, this would be contrary to the diagnostic reasoning 
literature reviewed above (Schmidt et al. 1990; Krupinski 2011). 
Participants in the novice group were very inexperienced, which 
may have made them unable to complete the scan and abandon 
the procedure after having tried for some time. Therefore, the 
importance of time expenditure for ultrasound performance and 
quality of care needs to be addressed in larger populations of 
trainees with increasing levels of clinical experience.  
Based on the findings in studies 1–3, we hypothesized that tech-
nical aspects of performance may be improved during basic train-
ing but that clinical training alone was insufficient to achieve 
mastery learning. Simulation-based medical education may be a 
useful method for training basic aspects of the ultrasound exami-
nation and a valuable adjunct to clinical training. In the following 
sections, we will review the arguments for the use of simulation-
based medical education and present data for its use in basic 
ultrasound training (studies 4–8).  

4. SIMULATION-BASED ULTRASOUND TRAINING 
Simulation can be defined as a technique “to replace or amplify 
real experiences with guided experiences that evoke or replicate 
substantial aspects of the real world in a fully interactive manner” 
(Gaba 2004). The use of simulators for skills learning in medical 
education dates back to the 17th century, when midwives prac-
ticed obstetric skills on physical mannequins to reduce maternal 
mortality (Buck 1991). During the 1960s, more sophisticated 
medical simulators were developed for resuscitation, anesthesia, 
and cardiopulmonary auscultation training (Cooper & Taqueti 
2004). The use of simulation as a method for improving patient 
safety through team training increased dramatically during the 
1980s and 1990s and involved the use of interactive simulators 
and complex simulated settings (Aggarwal et al. 2010). Training 
concepts and theories in simulation-based medical education 
(SBME) have often been inspired by the use of simulation-based 
training in aviation, nuclear energy, the oil industry, and the 
military (Page 2000). In these high-risk and high-stakes industries, 
simulation-based training is being used to improve safety and 
performance through improved communication, leadership, and 
decision-making skills (Aggarwal et al. 2004). In aviation, simula-
tion-based training and assessment is now relied upon to such a 
great extent that in some cases, the first time a pilot takes off 
with a new airplane type, there are passengers on board (Page 
2000).  
During the past 15 years, the use of virtual reality simulators has 
become a key element in many surgical training programs, and 
considerable amounts of time and monetary resources are now 
invested in SBME for technical skills training (Zendejas et al. 2013 
B). Several reviews have examined the effectiveness of SBME for 
technical skills training and have found that, compared to noth-
ing, SBME produces superior learning outcomes (McGaghie et al. 
2010, 2011 A; Teteris et al. 2012). A large meta-analysis involving 
609 studies demonstrated large effects of SBME on knowledge, 
skills, and behaviors, and moderate effects on patient outcomes 
when compared to nothing (Cook et al. 2011). The potential 
benefits associated with SBME in terms of increasing quality and 
safety in care has therefore led some researchers to regard SBME 
as an ethical imperative in health professions education (Ziv et al. 
2003). For these reasons, the World Health Organization (WHO) 

now strongly recommends that educational institutions use SBME 
in training future health professionals (WHO 2013).  

4.1 THEORETICAL FOUNDATIONS OF SBME 
There are several purported advantages associated with SBME. 
The opportunity for repeated practice in a safe environment, in 
which there is no risk of patient harm, is often highlighted as an 
important factor (Issenberg et al. 2005). However, repeated prac-
tice alone is not always enough to attain high levels of perfor-
mance but deliberate strategies and methods are often required 
to improve performance under the guidance from expert teach-
ers (Ericsson et al. 1993). The combination of repeated practice 
and expert supervision enables what in the expertise literature is 
referred to as deliberate practice, which is thought to be a deter-
minant for the acquisition of expert levels of performance in 
virtually any domain of expertise (Ericsson et al. 1993). According 
to Ericsson’s concept of deliberate practice, expert performance 
is attained through deliberate efforts to improve and extended 
periods of practice over several years. Prolonged practice beyond 
achieving a set training criterion – also known as overlearning or 
automaticity training – has been shown to improve long-term 
retention as a function of the amount of additional practice 
(Driskell et al. 1992), as well as skills transfer (Stefanidis et al. 
2012). This again resonates well with cognitive load theory, as the 
cognitive load associated with the task at hand is thought to 
decrease with increasing levels of schema automation in long-
term memory (Sweller et al. 1988). In this view, expertise is 
thought to develop through deliberate and extended periods of 
practice rather than as a result of innate ability. However, wheth-
er learners engage in deliberate practice depends on their moti-
vation, the available amount of monetary and time resources, as 
well as their access to expert supervision and feedback (Ericsson 
et al. 2006).  
SBME allows repeated practice in an authentic environment that 
mimics the clinical setting, while allowing educators to control 
and direct training in ways that would not be possible during 
clinical training (Gaba 2004; Issenberg et al. 2005). The use of 
SBME is therefore thought to provide optimal conditions for 
deliberate practice, and deliberate practice is considered by many 
to be a keystone for effective learning in the simulated setting 
(McGaghie et al. 2010). However, the specific requirements for 
practice to become deliberate are usually not described in greater 
detail in the SBME literature, and there is limited evidence that 
trainees automatically engage in deliberate practice when pre-
sented with optimal training conditions. A second proposed key-
stone for effective learning in SBME is the use of mastery learning 
(McGaghie et al. 2011 B). According to a recent meta-analysis, 
there is some evidence to support the adoption of mastery over 
non-mastery learning, although the number of available studies is 
limited and the authors did not demonstrate significant effects of 
mastery learning on patient-related outcomes (Cook et al. 2013 
A). This may in part be explained by the ill-defined mastery learn-
ing levels, as there is no consensus on which standards should be 
used for the assessment of mastery (Cook et al. 2013 A).  
There are several indications that SBME may be a useful adjunct 
to basic ultrasound training in obstetrics and gynecology. Howev-
er, there is limited evidence of the effectiveness of SBME on 
complex diagnostic skills (Teteris et al. 2012) such as ultrasonog-
raphy, which requires a combination of motor skills as well as 
visual-cognitive skills. We hypothesized that mastery learning 
using SBME may be a useful adjunct to clinical training by improv-
ing technical aspects of performance. As discussed above, mas-
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tery learning relies on the achievement of pre-specified learning 
goals using reliable and valid performance assessments. Perfor-
mance assessment in the simulated setting may be done through 
expert supervision or through built-in automated simulator data 
on performance (i.e. simulator metrics), which is available with 
most virtual reality (VR) simulators (Aggerwal et al. 2010; Issen-
berg 2005). A variety of performance standards may be used, and 
may include pass/fail levels that discriminate between competent 
and non-competent performers as well as expert levels of per-
formance (Downing & Yudkowsky 2009). In Study 4, we aimed to 
develop reliable and valid performance assessments in the simu-
lated setting and determine credible performance standards that 
may be used for the adoption of mastery learning.  

4.2 ASSESSMENT OF PERFORMANCES IN THE SIMULATED SETTING 
The objective of Study 4 (Madsen et al. 2014) was to: 1) deter-
mine the validity evidence supporting the use of automated 
simulator metrics for the assessment of transvaginal ultrasound 
skills in obstetrics and gynecology; 2) establish credible perfor-
mance standards; and 3) assess learning curves for transvaginal 
ultrasound in the simulated setting.  
We conducted a pilot study to identify training modules on a 
VR simulator designed for training transvaginal ultrasound skills 
(Medaphor, Cardiff, UK). Seven modules were selected, based 
on their capabilities for representing different types of cases 
and on the responses elicited by pilot group participants. To 
examine the simulator metrics’ relationship to other variables, 
16 ultrasound novices and 12 OB/GYN consultants (eight gyne-
cologists and four fetal medicine consultants) were asked to 
complete the seven training modules twice. Simulator metrics 
that significantly discriminated between novices and OB/GYN 
consultants were selected for a simulator test. Finally, perfor-
mance standards were established using the contrasting 
groups method as described in Study 3 (Tolsgaard et al. 2014 
B), and an expert performance level was determined according 
to the scores of the sub-group of fetal medicine consultants. 
The novice participants were then instructed to continue train-
ing on the seven modules until they scored at the expert per-
formance level twice. 
 
The seven training modules identified from the pilot test in-
cluded 153 simulator metrics, of which 50 metrics discriminat-
ed between novices and OB/GYN consultants below a signifi-
cance level of 0.05. On the simulator test that included these 
simulator metrics, the median scores of the novices and 
OB/GYN consultants were 43.8% (range, 17.9–68.9%) and 82.8% 
(range, 60.4–91.7%; P < 0.001), respectively. The test-retest relia-
bility was high (ICC = 0.93), and the internal consistency was 
Cronbach’s alpha = 0.95 on the first iteration of the test. A 
pass/fail level of 62.9% of maximum simulator score was estimat-
ed using the contrasting groups method, and the expert perfor-
mance level demonstrated by the fetal medicine consultants was 
determined at 88.4% (range, 80.2–91.7%). This was slightly higher 
than the consultant gynecologists, whose median score was 
77.6% (range, 60.4–89.5%; P = 0.05). The novices needed a medi-
an time of 3 hours 39 minutes (range, 150–251 minutes) to attain 
the expert performance level. 
 
Study 4 demonstrated that performance could be assessed in a 
reliable and valid way using a VR ultrasound simulator and that 
novice trainees could attain expert levels of performance at se-
lected tasks in the simulated setting within an average of three to 

four hours of hands-on practice. To support the use of mastery 
learning, we adopted the expert performance level as the training 
criterion for the novice participants. The mastery learning ap-
proach was supported by the findings that the novice participants 
continued improving beyond the pass/fail level, and that their 
performances first plateaued after surpassing the expert perfor-
mance level. Interestingly, we found significant performance 
differences between consultant gynecologists and fetal medicine 
consultants on their simulator scores. This relates well with the 
findings from Study 3 (Tolsgaard et al. 2014 B), where fertility 
medicine consultants scored significantly lower on their image 
optimization skills compared to the fetal medicine consultants. 
The fact that the clinicians included were subject matter experts 
in different domains of practice (gynecology, fertility medicine, 
and fetal medicine) may well explain the observed differences.  
 
Figure 2. Learning curves and performance standards on a virtu-
al reality ultrasound simulator. The lower dotted line represent 
the pass/fail criterion and the upper dotted line represents the 
expert performance level. 
 

 
The findings also resonate well with research in diagnostic rea-
soning, demonstrating differences in the methods used by gener-
alists and specialists during their diagnostic processes (Simpson et 
al. 1987). In particular, the use of clinical information (van der 
Gijp et al. 2014) and knowledge of anatomy and image acquisition 
are thought to influence medical imaging diagnosis and decision-
making (Lesgold et al. 1988).  
Study 4 demonstrated that novice learners can attain expert 
performance levels during simulation-based ultrasound training. 
However, the extent to which the large performance improve-
ments observed in the simulated setting in fact do translate into 
improved ultrasound performances with patients is not known. In 
the following section, the concept of transfer of learning is re-
viewed in relation to its theoretical foundations, and methods for 
improving transfer are discussed in relation to SBME. 
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4.3 TRANSFER OF LEARNING 
Transfer of learning can be defined as application of previously 
learned knowledge or skills to a new problem, context, or domain 
(Kulasegaram 2013). The concept of transfer can be traced back 
to Plato (Plato 380 BC) and his descriptions of how mathematics 
and geometry may help the development of higher-order thinking 
skills. In the early 1900s, Thorndike and Woodworth conducted 
their seminal studies on transfer of learning that led to the identi-
cal elements theory. According to identical elements theory, 
transfer of learning is dependent on the degree to which two 
tasks contain identical key elements; therefore, training in one 
function rarely leads to improvements in another function 
(Thorndike & Woodworth 1901). The behaviorist view that trans-
fer is a specific response to certain stimuli has led to some disap-
pointing conclusions regarding transfer (Detterman 1993), which 
may call into question the effectiveness of any type of training. 
However, learners are often exclusively assessed based on their 
ability to repeat the learned information (replicative knowledge 
or “knowing that”) or on their direct application of skills in a new 
context (applicative knowledge or “knowing how”) (Broudy 1977). 
Educational interventions may be considered ineffective if learn-
ers are measured only on “knowing that” or “knowing how”. By 
contrast, the concept of “knowing with” proposed by Broudy 
(Broudy 1977) provides a way to appreciate how learners use 
prior knowledge to improve their interpretation, perception, and 
judgment of new situations. Bransford and Schwartz built on 
Broudy’s notion of knowing with by arguing that transfer should 
be evaluated based on how educational activities prepare learn-
ers to learn from new experiences, rather than on how learners 
perform immediately after training. Accordingly, the purpose of 
training is not to make people experts, but to “place them on a 
trajectory towards expertise” by acting as preparation for future 
learning(PFL) (Bransford & Schwartz 1999).  
With regard to health professions education, most studies involv-
ing SBME have focused on immediate transfer outcomes (Grant-
charov et al. 2004; Stefanidis et al. 2012; Larsen et al. 2009) and 
only a few studies have examined the long-term consequences of 
training interventions for performance, learning, and transfer 
(Barsuk et al. 2009, 2010; Curtis et al. 2013). Hence, the majority 
of existing studies of SBME have focused on transfer as direct 
application rather than from a PFL perspective, and the implica-
tions of SBME for subsequent clinical training are therefore large-
ly unknown. Given that most educational interventions produce 
an effect on learning (Cook 2012; Norman 2014), it may come as 
no surprise that some degree of transfer follows the use of SBME. 
The real question is rather how learners are instructed most 
effectively during simulation-based ultrasound training to facili-
tate transfer, as well as how structured initial training using simu-
lation may act as preparation for future learning in the clinical 
workplace. To answer these clarification questions (Cook et al. 
2008), we examined methods for improving learning and transfer 
in the controlled experimental setting, in addition to the role of 
simulation-based ultrasound training as preparation for future 
learning in the clinical setting.  

4.4 IMPROVING LEARNING AND TRANSFER FOLLOWING SIMULA-
TION-BASED ULTRASOUND TRAINING 
A prerequisite for any transfer is that some learning has occurred, 
although improvements in learning are only moderately correlat-
ed with transfer (Colquitt et al. 2000). Several factors may affect 
learning and thereby transfer, including factors relating to the 
individual, context, and task (Ringsted et al. 2006). Individual 

factors related to learning and transfer include general cognitive 
skills, motivation, and self-efficacy (Burke & Hutchins 2007), of 
which SBME is thought to stimulate the latter two (Issenberg et 
al. 2005). Contextual factors may involve supervision, the oppor-
tunity to perform the task, and support from supervisors and 
peers (Burke & Hutchins 2007; Lave & Wenger 1991). Finally, 
instructional strategies for learning new tasks, such as distributed 
learning, mixed practice, and automaticity training, have also 
been shown to benefit learning and transfer (Druckman & Bjork 
1994; Burke & Hutchins 2007), and have received empirical sup-
port in the SBME literature (Stefanidis et al. 2012, Cook et al. 
2013 B, Hatala et al. 2003). From a constructivist point of view, 
instructional strategies that rely on promoting learners’ meta-
cognition, self-direction, and reflection may also affect learning, 
although these aspects have received less attention and their 
effectiveness has been questioned (Kirschner et al. 2006). Accord-
ing to Chi’s active-constructive-interactive framework, learning is 
promoted by adoption of certain activities that may be passive, 
active, constructive, or interactive. Passive activities (like observ-
ing a demonstration) are thought to be less effective for learning 
than active activities (such as performing an action), which are in 
turn inferior to constructive activities (such as producing an out-
put that contains new ideas). At the top of the hierarchy, Chi 
placed interactive activities, which are dependent on interaction 
between learners and experts or peers, and allow learners to 
build on each other’s ideas and inputs through sequential con-
struction. Interactive activities are considered to stimulate cogni-
tive co-construction and shared mental models of the to-be-
learned information (Chi 2009). Moreover, from a cognitive per-
spective, interacting with peers may help reduce the cognitive 
load associated with the task at hand (Kirschner et al. 2009). 
According to a social learning perspective, instructional strategies 
that promote collaborative learning may result in improved moti-
vation and self-efficacy through positive interdependence (John-
son & Johnson 2009). Finally, from a motor-skills learning per-
spective, there may be considerable benefits associated with peer 
observation but also reduced hands-on time, which may impair 
the development of skills automaticity (Shea et al. 1999; Grana-
dos & Wulf 2007; Rizzolatti & Craighero 2004). There is some 
evidence in the health professions education literature to support 
the use of collaborative learning of clinical skills (Tolsgaard et al. 
2013 B; Bjerrum et al. 2014; Räder et al. 2014). However, there is 
no evidence documenting the effects of collaborative learning on 
transfer of skills. There are several potential advantages associat-
ed with the use of collaborative learning during simulation-based 
ultrasound training. First, collaborative learning increases training 
efficiency by increasing the number of trainees per simulator as 
compared with single training. Second, and in accordance with 
the theoretical advantages outlined above, the use of collabora-
tive learning may also contribute positively during transfer of 
skills to the clinical setting. In Study 5, we therefore examined 
how the use of collaborative learning in terms of training in pairs 
(dyad training) affects learning and transfer to the clinical setting. 

4.5 THE EFFECTIVENESS OF DYAD TRAINING ON SKILLS TRANSFER 
AFTER SIMULATION-BASED ULTRASOUND TRAINING 
The objective of Study 5 (Tolsgaard et al. 2015 A) was to deter-
mine the effectiveness of dyad compared to individual simulation-
based transvaginal ultrasound training on skills transfer to the 
clinical setting.  
We used a randomized non-inferiority design, in which we chose 
a predefined margin of 4.6% as the least educational meaningful 
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difference, according to findings in Study 3 (Tolsgaard et al. 2014 
B). Final-year medical students were randomized to dyad or single 
practice on a virtual reality transvaginal ultrasound simulator. The 
students were instructed to practice for two hours on the same 
modules that were included in the simulator test developed for 
Study 4 (Madsen et al. 2014). The single practice group practiced 
alone, whereas the dyad practice group took turns as the active 
participant and observer, and dialogue between participants was 
allowed. A pre-test and post-test were performed involving a 
basic systematic ultrasound scan of a normal female pelvis. On 
the following day, participants were instructed to perform a 
systematic transvaginal scan on an actual patient in the gyneco-
logical ambulatory unit. Pre-test, post-test, and transfer-test 
performances were scored by one of two blinded raters using the 
OSAUS scale.  
Thirty participants were randomized and 24 completed the trans-
fer test. The dyad group scored 7.8% (95% CI, -3.8 to 19.6%) 
higher on their transfer-test OSAUS scores than the single group. 
This difference was significantly above the non-inferiority limit (P 
= 0.04) but included zero. When using the pass/fail standards that 
were developed in Study 3 (Tolsgaard et al. 2014 B), there were 
significantly more dyad participants who passed the transfer test 
compared to single group participants (dyad group, 71.4%; single 
group 30.0%; P < 0.05). There were no interaction effects be-
tween the intervention and the simulation-based training with 
respect to pre-test and post-test performances. However, the 
dyad group had a higher training efficiency when compared to the 
single group, with a mean simulator test score of 5.8 (SD 1.13) 
points/attempt compared to 2.8 (SD 0.92) points/attempt (P < 
0.01), as shown in Figure 3. Large effects of training (Cohen’s d = 
3.85) were demonstrated for both groups, and mean transfer-test 
scores differed by less than one percentage point from the post-
test scores.  
 
Figure 3. Pre-test, post-test, and transfer-test performances of 
participants randomized to dyad training or single training. 

Study 5 was the first study to demonstrate skills transfer following 
simulation-based ultrasound training using assessment instru-
ments with established validity evidence. We demonstrated that 
training efficiency could be doubled without any consequences 
for transfer of learning after simulation-based ultrasound train-
ing. The fact that more dyad participants than single participants 
passed the pass/fail level on the transfer test may even suggest 
superiority of the use of collaborative learning, although there 
were no significant differences in mean scores between groups. 
Previous studies involving collaborative learning of clinical skills 
(Tolsgaard et al. 2013 B; Räder et al. 2014; Bjerrum et al. 2014; 
Shanks et al. 2013) have shown mixed results regarding the effec-
tiveness of dyad training on learning. Whereas some researchers 
have proposed that the effect of dyad training relies on the expe-
rience levels of the learners (Shanks et al. 2013), cognitive load 
scientists have theorized that task complexity was the main de-
terminant of the effectiveness of collaborative learning (Kirschner 
et al. 2009). Given the empirical data from the current and other 
studies involving dyad training, we proposed that the beneficial 
effects associated with collaborative learning in terms of reduced 
cognitive load and peer-support are balanced against the poten-
tially negative consequences of reduced hands-on time (Tolsgaard 
et al. 2016 A). The benefits of dyad training may therefore be 
dependent on time on task, as cognitive load decreases when 
learners become more proficient and require increased amounts 
of hands-on practice to achieve skills automaticity (Tolsgaard et 
al. 2016 A, Räder et al. 2014). Consequently, we may hypothesize 
that learners benefit from collaborative learning during early skills 
acquisition, and that at some point during training, they benefit 
more from individual training before reaching mastery learning 
levels.  
However, irrespective of instructional method the question re-
garding how well learning is transferred from the simulated to the 
clinical setting still remains. In particular, the sustained impact of 
SBME on learning has received limited attention in the literature. 
In Study 5, we examined the sustained effect of SBME on ultra-
sound skills after the first two months of clinical training. 

5. THE IMPACT OF SIMULATION-BASED ULTRASOUND TRAINING 
ON CLINICAL PERFORMANCES AND QUALITY OF CARE 
Study 5 (Tolsgaard et al. 2015 A) demonstrated how to improve 
efficiency of simulation-based ultrasound training with respect to 
skills transfer immediately after completing training. However, 
the degree to which these effects are sustained beyond initial 
clinical training is not known. For training of technical skills such 
as surgery, there are considerable risks associated with insuffi-
ciently trained operators, and it may not be defensible to use 
patients during the basic training phase (Ziv et al. 2003). For 
ultrasound training, on the other hand, there is no known patient 
risk associated with supervised practice. The considerable mone-
tary and time costs associated with SBME may therefore not be 
justified if the effects of simulation-based ultrasound training only 
extends to the initial few supervised ultrasound scans during 
clinical training. However, as we hypothesized in studies 1 and 3, 
there is some evidence to suggest that clinical training alone is 
insufficient to ensure adequate ultrasound skills. One explanation 
may be that trainees are never introduced to basic concepts from 
which they can build more sophisticated schemas during clinical 
training. In undergraduate medical education, teaching basic 
science concepts rather than clinically focused presentations have 
been shown to improve skills retention as well as to act as PFL 
(Woods et al. 2006; Mylopoulos & Woods 2014). We may there-
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fore hypothesize that providing systematic basic ultrasound train-
ing using SBME could act as preparation for future clinical learn-
ing, and consequently that training effects are sustained after 
several months of clinical training. On the other hand, large initial 
training effects may decline with time and the effects of short 
interventions may quickly become engulfed by the vast amounts 
of time spent on learning in the clinical setting. To examine these 
hypotheses further, we assessed the impact of simulation-based 
ultrasound training on trainees’ clinical performances after com-
pleting the first two months of clinical training. 
 

5.1 SUSTAINED EFFECTS OF SIMULATION-BASED ULTRASOUND 
TRAINING ON CLINICAL PERFORMANCES 
The objective of Study 6 (Tolsgaard et al. 2015 B) was to examine 
the effects of initial simulation-based transvaginal ultrasound 
training and clinical training compared with clinical training alone 
on clinical performances after two months of training. 
In a multi-center, randomized design, 33 new residents in obstet-
rics and gynecology were randomized to initial simulation-based 
ultrasound training and clinical training (intervention) or only 
clinical training (control) groups. The intervention group practiced 
on a transvaginal VR simulator (Medaphor, Cardiff, UK) until they 
attained the mastery learning level described in Study 4 (Madsen 
et al. 2014). Subsequently, they practiced equipment handling 
(“knobology”) on a physical mannequin (BluePhantom, CAE 
Healthcare, Redmond, WA, USA) until they demonstrated the 
pass/fail level on the OSAUS scale as described in Study 3 
(Tolsgaard et al. 2014 B). After two months of clinical training, the 
participants were assessed on transvaginal ultrasound scans 
performed on emergency gynecological patients. The scans were 
recorded and assessed by two blinded expert raters using the 
OSAUS scale.  
 
Of the 33 randomized, 26 participants completed the clinical 
performance test. The intervention and control group participants 
were assessed after they had completed an average of 57.6 and 
62.5 scans, of which means of 43.9 and 45.0 scans had been 
supervised, respectively. The intervention group participants had 
significantly higher OSAUS scores compared to the control group 
(mean, 59.1 ± 9.3% vs. 37.6 ± 11.8%; P < 0.001). A significantly 
higher number of intervention group participants passed the 
pass/fail performance level established in Study 3 (Tolsgaard et al. 
2014 B) compared to control group participants (85.7% vs. 8.3%, 
respectively; P < 0.001). There was no main effect of hospital 
allocation or interaction effect between hospital allocation and 
the intervention. Finally, there were no significant correlations 
between performance measures in terms of simulator scores and 
time used to attain the mastery learning level and the clinical 
performance scores.  
Study 6 demonstrated that initial simulation-based ultrasound 
training led to performance improvements in the clinical setting 
that were sustained after more than two months of clinical train-
ing and more than 40 supervised scans. Interestingly, participants 
in both groups reported that they had completed several unsu-
pervised scans, but only 8.3% of control group participants were 
able to pass a pre-defined pass/fail level that defined the mini-
mally acceptable level of performance. Again, these findings 
support the notion from Study 1 (Tolsgaard et al. 2014 A) that 
apprenticeship teaching during clinical training failed to ensure 
acceptable clinical performances across multiple institutions. 

However, this does not imply that SBME as a teaching method is 
superior to clinical training. 
 
 Figure 4. OSAUS-scores of participants that received simulation-
based ultrasound training (intervention) or clinical training 
alone (control).  

 
 On the contrary, Moak et al. found that students who practiced 
ultrasound skills on a pelvic mannequin had lower performances 
scores than students who practiced on live models, when they 
were assessed on standardized patients (Moak et al. 2014). These 
findings relate well to transfer theory, which highlights the im-
portance of contextual similarity in facilitating near-transfer 
(Gentner et al. 1993) and may at first seem contradictory to our 
findings in Study 6. However, the use of live models or standard-
ized patients is not equivalent to clinical training using real pa-
tients, who may be bleeding, in pain, or under severe psychologi-
cal stress. As opposed to SBME, clinical training rarely allows 
trainees to commit errors deliberately or continue practicing 
under the supervision of expert instructors. According to situated 
learning theory, complete novice learners may therefore partici-
pate very peripherally in patient care and in the “community of 
practice” (Tolsgaard et al. 2013 A; Lave & Wenger 1991). Provid-
ing trainees with some basic skills may enable them to participate 
more actively in patient management and care through “legiti-
mate peripheral participation” (Wenger 1998). The extremely low 
number of control group participants who passed the pass/fail 
level despite being supervised multiple times suggests that super-
vision in itself was ineffective if not preceded by some systematic 
form of basic training. 

5.2 QUALITY AND EFFICIENCY OF CARE 
Diagnostic accuracy has been correlated to the amount of opera-
tor experience in retrospective studies (Tegnander & Eik-Nes 
2006; NHS 2012), and a recent study has also linked diagnostic 
accuracy to OSAUS scores for abdominal ultrasound scans (Tod-
sen et al. 2014). The finding that simulation-based ultrasound 
training leads to sustained improvements in ultrasound skills in 
the clinical setting is therefore promising in terms of diagnostic 
accuracy and thereby patient safety. However, there is little evi-
dence regarding the implications such performance improve-
ments may have for patient-perceived quality of care as well as 
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for efficiency of care. In terms of public accountability, patients’ 
experiences of care quality are important outcomes that none-
theless have received very limited attention in the health profes-
sions education literature. The few studies conducted in this area 
have shown mixed results (Sedlack et al. 2004; Ahlberg et al. 
2005; Curtis et al. 2013; Zendejas et al. 2013 A). In colonoscopy 
training, for example, SBME has been associated with decreased 
patient discomfort (Sedlack et al. 2004 A&B; Ahlberg et al. 2005). 
In other areas, such as communication training, the use of SBME 
led to higher performance scores of intervention group partici-
pants, but no differences in patients’ and stakeholders’ ratings of 
residents' performances. In fact, patients being cared for by par-
ticipants who completed simulation-based communication train-
ing had higher depression scores than those cared for by control 
group participants (Curtis et al. 2013). Hence, correlations be-
tween clinical skills and patient-reported outcomes may in some 
instances be absent or even inverse. Transvaginal ultrasound is 
generally well-tolerated by patients but may cause some discom-
fort, and for patients with early pregnancy complications, consid-
erable psychological distress can be expected (Dutta & Econo-
mides 2003). Therefore, we hypothesized that simulation-based 
ultrasound training would decrease patients’ discomfort during 
transvaginal ultrasound examinations as well as patient-reported 
safety. With respect to factors that are not directly procedure-
related, such as general satisfaction with the care provided, we 
expected little to no effect of simulation-based ultrasound train-
ing. 
Efficiency of care has also received limited attention in the SBME 
literature, although factors such as need for supervised practice 
or repeated patient examinations are of paramount importance 
to the costs of training and medical care. According to the ap-
prenticeship model of clinical training, trainees gradually become 
more and more independent with increasing expertise. Study 1 
(Tolsgaard et al. 2014 A) confirmed this model, which enables us 
to hypothesize that improvement in ultrasound skills following 
simulation-based ultrasound training leads to decreased need for 
supervision and repeated patient examinations. Hence, the rela-
tionship between simulation-based ultrasound training and quali-
ty and efficiency of care was the focus of Study 7.  

5.3 THE EFFECTS OF SIMULATION-BASED TRANSVAGINAL UL-
TRASOUND TRAINING ON QUALITY AND EFFICIENCY OF CARE 
The research question of Study 7 (Tolsgaard et al. 2016 B) was 
as follows: “What is the effect of adding initial simulation-
based transvaginal ultrasound training to new trainees’ clinical 
training on quality and efficiency of care measured during the 
first six months of clinical training, as compared to clinical 
training only?”  
In a multi-center randomized study, 54 new OB/GYN residents 
were included and randomized to initial simulation-based 
ultrasound training and clinical training (intervention) or clini-
cal training only (control) groups. The simulation-based ultra-
sound training followed the mastery learning model described 
above, and included a VR simulator and a physical mannequin. 
All emergency gynecological patients, for whom a transvaginal 
ultrasound examination was performed by study participants, 
were invited to fill out a standardized scoring form, in which 
they were asked to rate discomfort, perceived safety, confi-
dence in their ultrasound provider, and satisfaction. The assist-
ing nurse recorded the time spent per ultrasound scan and the 
need for supervision from a senior colleague or the need for 
repeated patient examinations. 

In total, 1,150 patient ratings were completed for 52 participants 
from four different departments. Intervention group participants 
had 18.5% (95% CI, 10.7 to 25.5; P < 0.001) lower patient discom-
fort scores compared with control group participants. Patients 
rated intervention group participants 7.9% (95% CI, 0.5 to 14.7; P 
= 0.04) higher on safety compared to the control group. Patients 
scored intervention group participants 11.1% (95% CI, 2.5 to 18.9; 
P=0.01) higher on confidence compared to control group partici-
pants. However, there were no differences with regard to overall 
patient satisfaction (P = 0.61). There were minimal effects of 
clinical training length on patients’ confidence in their ultrasound 
providers (P = 0.001), and no effects on discomfort, perceived 
safety, or overall satisfaction. Intervention group participants 
used 1 minute 32 seconds (95% CI, 7 seconds to 3 minutes 6 
seconds; P = 0.03) less per ultrasound examination compared to 
control group participants. Finally, there was a significant interac-
tion effect between clinical training time and the intervention on 
the need for supervision or repeated patient examination (P = 
0.005). The odds for supervision or repeated patient examination 
were reduced by 45.3% (95% CI, 33.5 to 55.1) in the intervention 
group and by 19.8% (95% CI, 4.1 to 32.9) in the control group, 
when clinical training time was doubled. There were no interac-
tion effects between the intervention and hospital allocation on 
any of the outcomes.  
 
Study 7 demonstrated that simulation-based ultrasound training 
led to improvements in some – but not all – patient-relevant 
outcomes. These findings align well with previous meta-analyses 
demonstrating that SBME is associated with large effects on 
knowledge, skills, and behavior, but only moderate effects on 
patient outcomes (Cook et al. 2011). As the outcome of interest 
moves closer to patient care and further away from the con-
trolled simulated setting, it becomes increasingly difficult to prove 
causality.  
 
‘Figure 5. Need for supervision and repeated patient examina-
tion as a function of clinical training time. 
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Some studies have completely failed to demonstrate any effect of 
SBME on patient outcomes, which may be explained by dilution 
of training effects, inadequate sample sizes, and failure to estab-
lish causal links between intervention and outcome (Cook & West 
2013). Although Study 7 was sufficiently powered and among the 
largest studies conducted on the role of SBME for patient care, 
we had no a priori indications that improvements in skills actually 
led to improvements in patients’ perceptions of care quality. 
Reduced examination time combined with improved operator 
self-efficacy as a result of systematic initial training may have 
reflected upon patients’ ratings. However, we did not attempt to 
establish which components of simulation-based ultrasound 
training were responsible for the observed effects. In terms of 
dilution effects, we found no negative interaction effects be-
tween the intervention and length of clinical training for any of 
the outcomes examined. In fact, we found the opposite for effi-
ciency of care. The large interaction effects between simulation-
based ultrasound training and length of clinical training on the 
need for supervision or repeated patient examinations support 
the use of SBME as PFL. These results stress the importance of the 
use of long-term follow-up and large patient populations to de-
termine the link between training interventions and quality of 
care.  
Most previous studies on patient outcomes have focused on 
immediate main effects of training. Study 7 demonstrates that 
SBME is not only a method for improving immediate outcomes, 
but that it also enables trainees to benefit more from their 
subsequent clinical training. Given the considerable time and 
monetary costs associated with SBME, improvements in effi-
ciency of care have profound implications for the justification 
of simulation-based ultrasound training. Nonetheless, there is 
always a cost of training, regardless of the positive effects on 
quality and efficiency of care associated with simulation-based 
ultrasound training. Whether to adopt a new method of train-
ing or not is therefore a choice that depends on how much 
stakeholders are willing to pay for a given change in the out-
come of interest. However, there is little research in the costs 
of SBME (Zendejas et al. 2013 B), and no consensus exists on 
how to determine cost-effectiveness of training interventions 
in health professions education. In the final study, we exam-
ined how to provide defensible and evidence-based recom-
mendations to decision-makers regarding the adoption of new 
training methods such as simulation-based ultrasound training. 

6. COST-EFFECTIVENESS OF SIMULATION-BASED ULTRASOUND 
TRAINING 
Medical education is estimated to cost around €80 billion per 
year worldwide (Frenk et al. 2010). Despite this enormous 
amount, the cost of medical education is generally underre-
ported in the health professions education literature (Zendejas et 
al. 2013 B). Decision-makers and leaders in medical education 
need to prioritize between different educational interventions. 
However, most educational interventions result in some kind of 
learning (Cook 2012), although at very different costs (Walsh et 
al. 2013). Given that decision-makers often have to make deci-
sions based on costs and medical education researchers only 
provide evidence on effectiveness, there is a risk of the develop-
ment of gaps between actual practices and best practices in 
health professions education (van der Vleuten & Driessen 2014). 
A more informative study focus may therefore be the cost-
effectiveness of educational interventions.  

However, estimation of the cost and effect of educational inter-
ventions is not straightforward. Costs of educational interven-
tions may vary between institutions and countries, and there is no 
general consensus on what should be included in cost estimates. 
As demonstrated in studies 4–7, effects of an educational inter-
vention may be estimated very differently. Only a small number 
of experimental trials in medical education have attempted to 
estimate long-term effects of educational interventions, and most 
often only the immediate effects on knowledge or skills are exam-
ined (Cook et al. 2011). However, in some cases, training effects 
may be sustained throughout extended periods of clinical practice 
and training (studies 6 and 7), whereas skills decay and in other 
cases participant attrition may complicate a meaningful estima-
tion of the effects of an intervention.  
In ultrasound education, the question of cost-effectiveness is 
highly relevant but also difficult to answer. Although the purpose 
of ultrasound education is ultimately to improve patient care and 
safety, other outcomes may also be of interest, including the 
effects of training on operator skills or efficiency of care. Conse-
quently, the costs that decision-makers are willing to pay for basic 
ultrasound training may also vary depending on the outcome of 
interest.  
 
Figure 6. The four steps of the Programme Effectiveness and 
Cost Generalization (PRECOG) model. 

 The question is therefore not whether simulation-based or clini-
cal ultrasound training is cost-effective, but rather how much the 
outcome of interest is changed relative to its costs. To provide 
such estimates, there is a need for models that take decision-
makers’ willingness to pay into consideration, as well as the un-
certainty associated with cost and effect estimates. In Study 8, we 
attempted to develop a model for cost-effectiveness studies in 
health professions education using an example from a random-
ized trial involving simulation-based ultrasound training.                                
 
6.1 LINKING QUALITY OF CARE AND ULTRASOUND TRAINING 
COSTS 
The aim of Study 8 (Tolsgaard et al. 2015 C) was to develop a 
model for conducting cost-effectiveness studies in health profes-
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sions education. The research question for the example study 
that the model was based on was: “What is the cost-effectiveness 
of training midwives in performing cervical length scans com-
pared with obstetrician-performed cervical scans with respect to 
patient waiting time?” 
A literature review of health economics theory (Drummond et al. 
2005; Gold et al. 1996; Hoch et al. 2006; O’Brien et al. 1994; Van 
Hout et al. 1994) and cost-effectiveness studies in health profes-
sions education (Isaranuwatchai et al. 2013; Magee et al. 2013; 
Zendejas et al. 2013 B; Fletcher & Wind 2013; Wynn et al. 2013; 
Cohen et al. 2010; Stefanidis et al. 2010; Iribarne et al. 2011) was 
conducted. Based on this review, we proposed a model that 
included four steps: 1) gathering data on training outcomes; 2) 
assessing total costs; 3) calculating incremental cost-effectiveness 
ratios; and 4) estimating cost-effectiveness probability.  
  
In the first step, we conducted a randomized trial to examine the 
effects of training a group of midwives to perform cervical length 
scans compared to obstetrician-performed cervical length scans. 
The rationale for conducting the study was that we observed long 
waiting time for women who presented with signs of preterm 
onset of labor, which represented a potential threat to their 
safety. In total, 12 midwives were randomized to simulation-
based and clinical training in cervical length measurement (inter-
vention group) or no training (control group). The simulation-
based ultrasound training included mastery learning using first a 
VR simulator and then a physical mannequin as described in 
studies 6 and 7. The simulation-based ultrasound training was 
followed by clinical training, in which the participants were re-
quired to pass the pass/fail level on the OSAUS scale as described 
in Study 3 (Tolsgaard et al. 2014 B). Over the next six months, 
waiting time (primary outcome) and number of shifts for the 
responsible health care provider were recorded, for women who 
presented with signs of preterm labor and were cared for by 
intervention or control group participants. The effects were ex-
trapolated to the first 60 months after completion of training to 
account for residual training effects and participant attrition. 
In step two, training costs were estimated, including implementa-
tion costs and equipment costs. Implementation costs were calcu-
lated by measuring the amount of time used for training by study 
participants, the simulator instructor, and the clinician teacher. 
Step three involved determining the incremental cost-
effectiveness ratio (ICER), which is defined as the ratio between 
differences in cost and effects between the two groups. In step 
four, the uncertainty represented by each of the preceding steps 
was taken into account when calculating the cost-effectiveness 
probability for different willingness-to-pay values.  
There was a significant reduction in patient waiting time for pa-
tients being cared for by the intervention group (n = 50), com-
pared with patients cared for by the control group (n=65); the 
mean difference between groups was 36.6 minutes (95% CI, 
7.3‒65.8; P = 0.008). Intervention group participants were able to 
discharge the majority of patients (86%) and needed second 
opinions by an obstetrician in 16% of the cases, compared to 
100% in the control group (P < 0.001). The total cost for all partic-
ipants was €2,688.3 over the study period. The total reduction in 
patient waiting time over a 60-month period was estimated at 99 
hours 50 minutes for 164 patients. This corresponded to an ICER 
for time saved of €0.45 per minute and an ICER for shifts in re-
sponsible health care provider of €19.51/shift. A graphical 
presentation – a cost-effectiveness acceptability curve (CEAC) – 
was created to illustrate the probability that the intervention was 
cost-effective for different willingness-to-pay values (Figure 6). 

For willingness-to-pay values below €0.26 per minute saved of 
waiting time, there was a 95% probability that obstetrician-
performed cervical scans was the most cost-effective strategy. On 
the other hand, if decision-makers were willing to pay €0.73 or 
more per saved minute of waiting time, there was a 95% chance 
that training midwives in performing cervical scans was the most 
cost-effective approach.  
 
Study 8 demonstrated that although educational interventions 
may result in large effects on the outcome of interest, it does not 
imply that they are cost-effective. Depending on how much deci-
sion-makers were willing to pay, the intervention in Study 8 could 
be regarded as both cost-effective and cost-ineffective. Hence, 
the choice of whether or not to adopt a new training intervention 
rests equally on the effectiveness of the intervention and its costs 
as well as willingness-to-pay. Although this may seem intuitive, 
the evaluation of cost-effectiveness and its interpretations are 
not. The results of previous cost-effectiveness studies that did not 
make use of probabilistic cost-effectiveness estimates are difficult 
to interpret if only cost savings or raw cost-effectiveness ratios 
are presented, which may limit the generalizability of the results 
(Stefainidis et al. 2010; Cohen et al. 2010). Moreover, the use of 
immediate outcomes such as skills improvements following SBME 
may fail to inform educators as to the real outcomes of interest, 
such as skills retention, transfer, or improvements in PFL.  
Study 8 demonstrated that long-term follow-up, the use of pa-
tient-related outcomes, and probabilistic models are all needed 
to provide meaningful cost-effectiveness studies in medical edu-
cation. Hence, the direct comparison of immediate training ef-
fects and the use of outcomes that are not directly related to 
quality of care may over- or underestimate the true educational 
and clinical impact of the intervention being studied. Finally, even 
when all factors are taken into account, the use of cost-
effectiveness studies in health professions education is largely 
limited by the low generalizability of cost estimates across institu-
tions.  
One way forward could be a more detailed account of the use of 
participant and training time during future experimental trials, 
which would allow meta-analysis to generalize cost-effectiveness 
estimates across countries and institutions. 
 Figure 7. The Cost-Effectiveness Acceptability Curve (CEAC) 
demonstrates the probability than the two interventions were 
cost-effective depending on stakeholders’ willingness-to-pay. 
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7. GENERAL DISCUSSION 
This thesis examined the evidence supporting the use of various 
methods for assessment and training ultrasound skills from mul-
tiple perspectives. From the theories on learning and from the 
perspectives of trainees, ultrasound performance depended on a 
combination of motor skills, visual skills, and cognitive skills. 
These factors were also reflected in experts’ opinions on what 
should be evaluated when assessing ultrasound skills and is sup-
ported by empirical data on the performances of obstetrician-
gynecologists with different levels of clinical experience. We 
found some evidence to suggest that the technical aspects of 
trainees’ performance need improvement and that simulation-
based ultrasound training may be used to achieve mastery levels 
prior to clinical training. Ultrasound skills were transferred from 
the simulated to the clinical setting immediately after training as 
well as after completion of two months of clinical training. From 
the patients’ perspective, the observed improvements in skills 
were accompanied by reduced patient-reported discomfort, 
improved safety, and increased confidence in the ultrasound 
operator. From an organizational perspective, we found that the 
provision of initial systematic simulation-based ultrasound train-
ing interacted with clinical training by reducing the need for su-
pervised practice and repeated patient examinations. From a 
health economics point of view, training efficiency and costs were 
evaluated. We demonstrated that training efficiency could be 
doubled using collaborative learning without any negative conse-
quences for transfer. Finally, a model for linking quality of care to 
training costs was developed to assess the cost-effectiveness of 
educational interventions such as ultrasound training.  

7.1 GENERALIZATION OF FINDINGS AND CRITIQUES 
The studies included in this thesis make use of a variety of quanti-
tative methods such as cross-sectional studies, validation studies, 
and randomized controlled trials. The choice of study designs was 
guided by the research questions, as some studies were explora-
tive (such as studies 1–4) and others explanatory (such as studies 
5–8). Weaknesses of the cross-sectional and validation studies 
include the notion that association does not imply causation. This 
is particularly problematic in the studies that attempted to estab-
lish validity evidence to support the use of assessment scores in 
the simulated and clinical settings. We chose to use different 
levels of clinical experience as indicators of competence in studies 
3 and 4, which may be confounded by other factors than those 
relating to competence. As argued by Cook (Cook 2015), the 
finding that groups with very different experience levels achieve 
different assessment scores is in itself not particularly informa-
tive. Most validation studies – including ours – make use of 
groups of learners that do not sufficiently represent the target 
population but rather the extreme ends of the performance 
spectrum. One challenge in this regard is that large sample sizes 
are often needed to detect small but relevant performance dif-
ferences in the target population (Norcini et al. 2003). Another 
problem with using experience as marker of competence is that 
experience does not always correlate to the development of 
expertise (Ericsson et al. 1993, 2006), and even when experience 
is associated with skills development, it does not imply causation 
(Cook 2015). If competence is defined according to how experi-
enced clinicians perform, educators may be teaching to the test 
without any evidence that assessment scores in fact relate to 
improvements in quality of care or patient outcomes.  
In the worst case, the use of expert-novice differences to support 
the use of assessment scores as relevant outcomes in health 

professions education may be an exercise of chasing one’s own 
tail. The experience-expertise inconsistency is in part reflected in 
the results from studies 3 and 4, which demonstrated that even 
experienced gynecologists failed to display expert behavior when 
compared to the performances of fetal medicine consultants. 
However, the assumption that assessment scores reflect skills and 
that skill levels affect quality of care is to some extent supported 
by the findings relating to effects of simulation-based ultrasound 
training in studies 4–7. In these studies, we demonstrated how 
the use of SBME led to improvements in skills as well as quality of 
care, which may be considered both multiple independent out-
comes and also an interrelated chain of outcomes (Cook & West 
2013). Accordingly, similar associations between skills and patient 
outcomes have been demonstrated in other areas of medical 
education, such as in surgical education (Zendejas et al. 2011; 
Birkmeyer et al. 2013). Nonetheless, overreliance on assessment 
scores that are not supported by correlations with clinically 
meaningful outcomes remains problematic, but is still widely used 
in medical education research. The central role of patient out-
comes in clinical medicine may be self-evident from a clinician’s 
point of view, but in medical education, the role of patient out-
comes has been debated (Cook & West 2013). Among the con-
cerns regarding the use of patient outcomes are that relatively 
large sample sizes are needed to demonstrate differences in 
effectiveness between interventions because of dilution of train-
ing effects. Non-clinical outcomes such as behavior or trainee 
reactions are important to the development of education theory 
and practice, but their implications for and relationship to health 
outcomes should be evaluated critically. Otherwise, there is a risk 
that research in medical education will not benefit the stakehold-
ers, which include trainees, supervisors, patients, and policy-
makers.  
The use of randomized designs in studies 5–8 provided some 
strength in terms of ability to control for systematic bias but the 
value of randomized trials in medical education has been debated 
(Eva 2009). One argument is that although these designs provide 
unbiased estimates of training effects, their practical implications 
are limited, as they only explain a fraction of the total variance 
that derives from competing educational activities (Norman 
2003). These concerns seem particularly relevant for the majority 
of experimental studies in medical education that use short fol-
low-up and narrow focus on changes in behavior under controlled 
and ideal circumstances. Hence, the use of highly standardized 
and controlled designs may improve the internal validity of results 
but at the cost of their external validity. In clinical medicine, this 
dilemma has resulted in the call for practical clinical trials (PCT) 
that enable decision-makers to make informed choices regarding 
clinically relevant alternatives under real-life conditions (Tunis et 
al. 2003). Traditional explanatory trials may provide evidence on 
the efficiency of an intervention and answer the question “can it 
work?” under ideal circumstances. Practical clinical trials, on the 
other hand, are designed to demonstrate the effectiveness of an 
intervention under real-life conditions and answer the question 
“does it work?” These trials are characterized by the following: 1) 
having broader inclusion criteria and thereby a more heterogene-
ous study population; 2) comparing clinically relevant alterna-
tives; 3) recruiting from a variety of contexts; and 4) employing 
longer follow-up and multiple outcomes including evidence of 
cost-effectiveness (Tunis et al. 2003; Glasgow et al. 2005). We 
used a mix of explanatory designs that aimed at determining 
intervention efficiency (studies 5 and 6) and practical designs that 
aimed at exploring intervention effectiveness in multiple sites 
using clinically and educationally relevant outcomes and long-
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term follow-up (studies 7 and 8). Both types of educational trials 
are needed in accord with the systematic assessment of evidence 
in other areas of health care, such as the clinical trial phases in 
pharmaceutical research (Pocock 1983).  
In our studies, the concept of mastery learning during simulation-
based ultrasound training demonstrated beneficial effects on 
near transfer, but it also acted as preparation for future learning. 
However, as noted previously, there is not always a causal rela-
tionship between skills and patient-reported or clinical outcomes 
(Cook & West 2013), which supports the need for determining 
whether and how improvements in the first may affect the latter. 
For example, SBME has shown to benefit trainees’ communica-
tion skills when assessed according to educational goals by 
trained raters, but failed to demonstrate similar improvements in 
patient-reported quality of care and communication (Fallowfield 
et al. 2002; Shilling et al. 2003; Curtis et al. 2013). Such differ-
ences may reflect the notion that trainees are assessed based on 
ideas of competence that do not translate into improved perfor-
mances and a dissonance between different stakeholders’ per-
ceptions of competence, which again poses a validity problem for 
the assessments used. Another explanation is that behavioristic 
models of skills training fail to acknowledge the importance of 
preparation for future learning, which according to our findings 
may include an interaction effect with clinical training, as op-
posed to a fixed main effect that can be observed immediately 
after training.  
According to recent transfer theory, adaptive expertise that relies 
on an innovative dimension of performance may help explain the 
role of SBME as preparation for future learning (Schwartz et al. 
2005; Bransford & Schwartz 2001). In contrast, traditional ap-
prenticeship training may depend on an effectiveness perspective 
on performance because of clinical workload, the resulting time 
pressure, and consideration for the patients being examined. 
SBME, on the other hand, offers the opportunity for trainees to 
commit errors and to handle errors during performance. Accord-
ing to literature outside the medical domain, error-management 
training has been shown to improve transfer of learning by ena-
bling trainees to handle the unexpected when presented with 
novel situations and cases during subsequent performances 
(Keith & Frese 2008). However, these hypotheses remain subjects 
for future research. 

7.2 EDUCATIONAL IMPLICATIONS 
The results of the studies included in this thesis may have implica-
tions for the use of SBME in ultrasound training of obstetrician-
gynecologists in Denmark and abroad. There is little doubt that 
simulation-based ultrasound training should be considered early 
in residency training for the sake of trainees, their clinical supervi-
sors, and their patients. In eastern Denmark, simulation-based 
training is now mandatory for junior-level trainees in obstetrics-
gynecology for a large majority of teaching hospitals (Konge et al. 
2015). On an international level, SBME is now increasingly incor-
porated into basic training courses, and efforts are being made to 
ensure equal training and assessment standards across different 
countries and institutions (ISUOG 2014). Emerging new technolo-
gies such as online learning platforms (including Massive Open 
Online Courses and cloud-based simulations) provide new oppor-
tunities for ultrasound education by allowing trainees to access 
large image banks with various types of pathology and anomalies 
that can be shared through international collaborations. Accord-
ing to our findings, ultrasound competence relies on technical 
aspects of performance, image interpretation skills, and the abil-

ity to integrate scan results into patient care. For now, the use of 
SBME primarily relates to technical skills training. However, the 
new advances in technology-enhanced learning may provide the 
next step in ultrasound education by exposing trainees to large 
case volumes and thereby stimulate cognitive aspects of perfor-
mance such as image interpretation skills. 
 
During recent decades, postgraduate medical education has 
experienced an explosion in the focus on assessment, competen-
cy-based education, and the use of SBME. However, postgraduate 
clinical training is still largely opportunistic, without standardiza-
tion and systematic use of in-training assessment (RCOG 2012; 
Ringsted et al. 2004). As a consequence, we found evidence that 
current postgraduate medical education often fails at ensuring 
basic skills for trainees entering clinical training. The finding in our 
studies that even experienced clinicians did not display expert 
behavior in a core clinical skill that they practice on a daily basis 
suggests that inadequate basic training has long-term conse-
quences for clinical performances. This notion receives some 
support from the findings that SBME not only improved trainees’ 
skills following training but also enabled them to benefit more 
from subsequent clinical training.  
We could conclude that SBME should be considered whenever 
there is sufficient effectiveness evidence to support its use 
(McGaghie et al. 2014). However, as we demonstrated in our final 
study, effectiveness of an intervention should be balanced against 
its costs. We used SBME as a tool to support learning, but it may 
just as well be replaced by structured clinical training had we 
applied the same principles and resources for training in the 
clinical setting that we did in the simulated setting (Moak et al. 
2014; Cook et al. 2011). If investments and costs are ignored, 
there is a risk of being blinded by new technologies that may 
seem more effective than existing methods for training due to 
allocation of large time and monetary resources. In other words, 
clinical training could “look bad” and SBME “look good” merely 
due to the amount of resources invested in each.  
In some respects, this relates to the differences between how 
interventions are handled in efficiency trials and in practical trials. 
When evaluating new interventions, researchers often use effi-
ciency designs, in which the intervention is examined under ideal 
and highly controlled conditions. However, existing methods for 
training are often evaluated using real-life and less controlled 
conditions, which usually results in lower effect estimates (Tobler 
et al. 2000). Accordingly, there is a risk that researchers are overly 
optimistic toward new interventions when compared against 
existing practices, which may result in the adoption of new and 
more costly methods that are not superior to existing educational 
methods. However, there are remarkably few studies being per-
formed on how to improve clinical training and thereby quality 
and efficiency of care, compared with the large amounts of stud-
ies involving SBME. This is a paradox given the relatively limited 
time that health professionals spend on SBME compared with the 
clinical training that spans during the entirety of their careers.  
The use of SBME has brought us closer to some level of standardi-
zation of postgraduate training; however, SBME needs to be 
better aligned with subsequent clinical training where serendipi-
tous clinical training remains an accepted practice. Still, we can-
not expect that trainees will master clinical skills by random un-
supervised clinical practice no matter how much simulation-based 
training they undergo. Although most clinicians eventually master 
the skills that are considered essential in their respective special-
ties, there is sufficient evidence to support the claim that clini-
cians do not display expert behavior just because they become 
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experienced (Duclos et al. 2012; Hickey et al. 2014; Birkmeyer et 
al. 2013; Tolsgaard et al. 2014 B).  
Striving for clinical independence as the ultimate goal of post-
graduate training (Ten Cate et al. 2016) may therefore foster 
mediocrity more than clinical excellence. Consequently, a change 
of perspective on the role of education in health care is needed. If 
our objectives are clinical excellence and high-quality care, we 
must support their development through systematic allocation of 
protected training time, supervised practice, and performance 
assessments that continue throughout clinicians’ careers. This 
inevitably clashes with the workload that may be imposed on 
trainees and clinicians. Consequently, educational activities such 
as protected training time or supervised practice may be consid-
ered at odds with clinical efficiency and production. However, the 
time, consequences, and costs of poorly trained clinicians have 
not been sufficiently investigated. Hence, we need to choose the 
type of care that we would like to offer patients, and 
acknowledge that quality of care relies upon educational efforts 
that may provide long-term rather than short-term returns on 
investment.  

7.3 FUTURE RESEARCH 
Postgraduate medical education in the 21st century still faces 
some of the same challenges as those observed in undergraduate 
medical education more than 100 years ago, in terms of lack of 
standardization and methods for performance assessment 
(Flexner 1910; Irby et al. 2010). A key question remains regarding 
how to provide high-quality medical education that results in the 
production of competent clinicians. Unfortunately, we often tend 
to substitute difficult questions with questions we can more easily 
answer or provide a solution for (Kahneman 2011). A challenge 
for future medical education research is therefore to ask the right 
questions rather than only to provide tools for their solution 
(Regehr 2010). Our studies constituted a research program that 
included needs analysis, development of methods for skills as-
sessment, and the exploration of how to improve learning 
through SBME and its consequences for learning and perfor-
mance in the clinical setting. Studies along similar lines are need-
ed in many other areas and disciplines to generate evidence to 
support the development of clinical excellence.  
During our validation studies, we found evidence to support an 
experience-expertise inconsistency, which may be explored fur-
ther in future studies. Most studies involving training and assess-
ment of technical and diagnostic skills have focused on novice 
learners, but other groups of clinicians may also benefit from 
systematic training. With regard to ultrasound training, this may 
be particularly interesting given that ultrasound is a relatively 
new technology and that few senior clinicians have completed 
systematic competency-based training. However, there is evi-
dence that instructional strategies that are effective for novice 
learners in terms of facilitating schema formation and automation 
may not be effective for experienced learners – and in some 
cases, may even have negative consequences (Sweller et al. 
2003). Therefore, future studies are needed to explore how more 
experienced learners interact with the structured training formats 
that have been well-described for novice learners, and determine 
their effectiveness in terms of improvements in quality of care. 
Experienced practitioners may have acquired undesirable habits 
that must be unlearned and relearned. How, when, and whether 
this happens are subjects for future studies to explore.  
 

Our studies suggest that assessment of training effects should be 
viewed from multiple perspectives, including a focus on the prac-
tical implications of training interventions on quality and efficien-
cy of care using long-term follow-up. Although some researchers 
have argued that patient-relevant outcomes should not be the 
gold or exclusive standard for the assessment of new innovations 
in medical education (Cook & West 2013), the time has come to 
link quality of education with the consequences for quality and 
efficiency of clinical practice. The less-than-perfect relationship 
between what can work in the controlled setting and what does 
work in clinical practice further supports the notion that evalua-
tion of educational innovations should be assessed based on their 
consequences for clinical practice. The use of patient-relevant 
outcomes, however, requires significant funding as well as time 
investments, which may not always be feasible. Moreover, even 
when conducting large-scale experimental trials (Curtis et al. 
2013; Bilimoria et al. 2016), effects on patient-relevant outcomes 
are not always present. New methods are therefore needed to 
bridge the gap between education theory and its relevance to 
clinicians, patients, and decision-makers. One way of bridging this 
gap is offered through the use of observational registry-based 
epidemiological studies that allow researchers to explore the 
association between educational characteristics relating to the 
trainee, task, and setting with patient-level data (Norcini et al. 
2013, 2014). The use of these methods would allow scholars to 
advance education research to the next level, where changes in 
education practice could be linked to small but relevant differ-
ences in patient-relevant outcomes (Cook et al. 2010). However, a 
major challenge remains – although patient registers already 
exist, there are few countries in which they are linked with care-
provider data. Nonetheless, this only suggests that the epidemio-
logical studies are underutilized in medical education, not that 
they are infeasible.  

8. CONCLUSION 
Over the past 50 years of research in ultrasound, multiple clinical 
applications have been described. With the introduction of new 
technology to a broader group of clinicians, increasing focus is 
needed on optimal approaches to ensure its safety through relia-
ble and valid performance assessment and systematic training. 
We examined the validity evidence supporting the assessment of 
ultrasound skills in obstetrics-gynecology in the simulated and 
clinical settings. We then demonstrated how adding initial simula-
tion-based ultrasound training to trainees’ clinical training led to 
large improvements in trainee learning and performances with 
patients during subsequent clinical training. We demonstrated 
how the use of simulation-based ultrasound training positively 
impacted quality and efficiency of care. Finally, we evaluated the 
economical perspective of ultrasound training by developing a 
generic model for the assessment of cost-effectiveness of training 
interventions in health professions education. Our results support 
the approach of using simulation-based training as preparation 
for future learning, and stress the importance of applying a multi-
level perspective on educational and clinical outcomes over long-
er periods of time and in multiple institutions. 

9. SUMMARY IN ENGLISH 
Ultrasound is a core skill in obstetrics-gynecology, but is highly 
operator-dependent. The evidence supporting the use of differ-
ent methods for assessment and training of ultrasound skills was 
examined from different perspectives through a series of explora-
tive and experimental studies.  
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We found that ultrasound performance of trainees in obstetrics-
gynecology depended on a combination of motor skills, visual 
skills, and cognitive skills. We then established international 
multispecialty consensus on an assessment instrument designed 
to evaluate ultrasound skills. The validity evidence of assessments 
made using this instrument was then examined using empirical 
data on the performances of obstetrician-gynecologists with 
different levels of clinical experience. There was evidence to 
suggest that technical aspects of trainee performance may need 
improvement, and that simulation-based ultrasound training may 
play a role by allowing trainees to achieve mastery levels prior to 
their clinical training. We found that the use of simulation-based 
ultrasound training led to immediate as well as sustained im-
provements in trainees’ performances with patients. Moreover, 
simulation-based ultrasound training led to improvements in 
patient-reported discomfort, perceived safety, and confidence in 
the ultrasound operator. From an organizational perspective, we 
found evidence that providing initial simulation-based ultrasound 
training combined with clinical training reduced the need for 
supervised practice and repeated patient examinations. This 
evidence supported the hypothesis that simulation-based medical 
education can act as preparation for future learning. Finally, by 
taking a health economics perspective, we examined how ultra-
sound training could be linked to monetary costs, and demon-
strated how training efficiency could be doubled using collabora-
tive learning without negative consequences.  
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